We have identified two new near-infrared emission lines in the spectra of planetary nebulae (PNe) . We also derive ionic abundances of other neutron-capture elements detected in the near-infrared spectra, and estimate total elemental abundances of Se, Br, Kr, Rb, and Te after correcting for unobserved ions. Comparison of our derived enrichments to theoretical predictions from AGB evolutionary models shows reasonable agreement for solar metallicity progenitor stars of ∼ 2 -4 M ⊙ . The spectrally-isolated [Br v] 1.6429 µm line has advantages for determining nebular Br abundances over optical [Br iii] emission lines that can be blended with other features. Finally, measurements of Te are of special interest because this element lies beyond the first peak of the s-process, and thus provides new leverage on the abundance pattern of trans-iron species produced by AGB stars.
INTRODUCTION
Nucleosynthetic processes in asymptotic giant branch (AGB) stars produce a substantial fraction of the transiron (Z > 30) elements present in the Solar System and the universe. During the late thermally-pulsing AGB evolutionary stage of low-and intermediate-mass (∼1.5 -8 M ⊙ ) stars, iron peak nuclei in the intershell region between the He-and H-burning shells experience sequential neutron(n)-captures interlaced with β decays, forming heavier elements via the so-called slow-neutron capture or "s-process". The free neutrons are released as a result of alpha captures by 13 C or 22 Ne nuclei during phases of the thermal pulse cycle . Convective dredge-up from the intershell region (third dredge up, hereafter TDU) may convey s-processed material, along with C, to the stellar surface, which is released into the interstellar medium by stellar winds and planetary nebula ejection (Karakas & Lattanzio 2014 , and references therein).
Planetary nebulae (PNe) are valuable laboratories for studying the s-process because they represent the final envelope compositions of their progenitor stars after the last thermal pulse and cessation of nucleosynthesis and TDU. The past few years have seen rapid development of near-infrared (NIR) spectroscopy as a tool for such investigations. The first NIR emission lines of n-capture elements discovered, [Kr iii] 2.199 µm and [Se iv] 2.287 µm (Dinerstein 2001) , have been widely observed in Milky Way and Magellanic Cloud PNe (Sterling & Dinerstein 2008; Sterling et al. 2015, hereafter SPD15; Mashburn et al. 2016 .
In this Letter we present the discovery of NIR lines from the n-capture elements Br and Te, and atomic data needed to derive chemical abundances from the line intensities. Although optical lines of Te 2+ and Br 2+ have previously been reported in some PNe (Péquignot & Baluteau 1994; Sharpee et al. 2007, hereafter SH07; Madonna et al. 2017 , hereafter MGR17), they are faint and potentially blended with lines of other species. The discovery of relatively bright NIR lines of these n-capture elements provides an important new opportunity for determining the contributions of AGB stars to galactic enrichment.
OBSERVATIONS AND DATA REDUCTION

EMIR Observations
We observed the PNe IC 418 and NGC 7027 with the NIR spectrograph EMIR (Espectrógrafo Multiobjeto Infra-Rojo) (Garzón et al. 2006 (Garzón et al. , 2014 on the 10.4m Gran Telescopio Canarias at the Roque de los Mucha- ′′ × 0.6 ′′ for NGC 7027), delivering spectral resolutions R ∼ 3500 in K for IC 418, and R ∼ 4800, 4500, and 4000 in J, H and K respectively for NGC 7027. The slit was oriented N-S and centered on the central star of IC 418. For NGC 7027 the slit was centered on the eastern ridge at coordinates (RA, Dec, J2000) 21h 07m 02.16s, +42
• 14 ′ 10.3 ′′ , and was rotated to a position angle of 105
• east of N-S to intersect the peak of the western ridge. We nodded 50 ′′ along the slit for both objects to optimize observing efficiency. A0V standard stars were observed and used for spectrophotometric flux calibration for each PN. We also used the standard star to correct for telluric absorption for IC 418, but for NGC 7027 we used a synthetic atmosphere spectrum calculated with ATRAN tools 1 due to a large airmass difference between the PN and its standard star. Wavelength calibration was performed using HgAr lamp spectra. The basic data reduction was carried out with iraf, while we used MarTell (Rubio-Díez et al., in prep.) to perform the telluric absorption correction. Line fluxes were measured using the splot routine in iraf by integrating the flux above the local continuum. Table 1 presents a journal of the observations.
IGRINS Observations
Both targets were also observed with the Immersion GRating Infrared Spectrometer (IGRINS) on the Cassegrain focus on the 2.7 m Harlan J. Smith Telescope at McDonald Observatory (Table 1) . IGRINS is a NIR cross-dispersed echelle spectrometer that uses a silicon immersion grating to achieve high spectral resolving power, R ∼ 45000, with instantaneous complete coverage from 1.45 -2.45 µm (Park et al. 2014) . The fixed long slit has dimensions of 1 ′′ × 15 ′′ on the sky and was rotated to a position angle 60
• east of N-S for NGC 7027, so that it intersected the peaks of both the eastern and western ridges. For IC 418, the slit was oriented N-S and centered 3.5 ′′ west of the central star. All observations were taken in a nod-off-slit pattern with sky frames at least 30 ′′ from the source position. Standard A0V stars observed at similar airmasses as the PNe were employed for telluric correction and spectrophotometric flux calibration. The data reduction and analysis were performed as described in Kaplan et al. (2017) . We identify the line near 2.1019 µm as the 5s 2 5p 2 3 P 1 -3 P 0 transition of Te 2+ . Although the most recent reported vacuum laboratory value is 2.1021 µm (Tauheed & Naz 2011) , the IGRINS observations indicate that the actual wavelength is 2.1019 µm, in good accord with the experimental data of Joshi et al. (1992) . The older energy level values of Moore (1957) correspond to a wavelength of 2.1048 µm. This highlights the importance of ongoing atomic physics research, especially laboratory spectroscopy, for identifying n-capture element transitions, as well the value of high-spectral resolution astronomical observations for measuring precise wavelengths.
We considered alternate identifications within ±10Å of the detected features by querying the Atomic Line List v2.05b21
2 . One of the most plausible alternate identifications is [Fe ii] 2.1017 µm. However, other [Fe ii] lines of the same multiplet are not detected, although they are predicted to be brighter than this transition according to calculations with PyNeb v1.0.26 2 http://www.pa.uky.edu/~peter/newpage/ . Additionally, the feature at 2.1017 µm is too strong by several orders of magnitude to be consistent with the Fe + ionic abundance derived from [Fe ii] 1.2570, 12946, and 1.6440 µm. An even closer wavelength coincidence with the observed feature is 4s
1019 µm, one of several transitions that can be enhanced over the strength expected for pure collisional excitation by UV continuum fluorescence (Bautista et al. 1996) Table 3 ). There is only an upper limit on the intensity of [Te iii] λ7933.31 in NGC 7027 (SH07), but this is consistent with our results since the corresponding limit on the Te 2+ abundance is larger than the value we derive from [Te iii] 2.1019 µm (Table 3) .
We identify the line at 1.6429 µm seen in NGC 7027 as the 4s
, for which the energy levels provided by Riyaz et al. (2014) yield a vacuum wavelength of 1.6429 µm. We searched the Atomic Line List and found no plausible alternate atomic lines. H 2 6-4 Q(5), which can be strong in sources with highly fluorescent H 2 spectra (Kaplan, et al., in preparation) , is a potential contaminant, but the IGRINS data demonstrate that it is not present at a detectable intensity.
The good agreement between EMIR and IGRINS results and the high resolution of IGRINS data, which eliminates the possibility of blends, give us confidence that [Te iii] and [Br v] respectively are the correct identifications for the 2.1019 µm and 1.6429 µm lines.
A-VALUES AND COLLISION STRENGTHS
The atomic structures, A-values, and radial wavefunctions for Br v and Te iii were computed with the autostructure code (Badnell , 2011 . We diagonalized the Breit-Pauli Hamiltonian within a statistical Thomas-Fermi-Dirac-Amaldi model potential V (λ nl ) (Badnell 1997) . The potential for each orbital was characterized by scaling the radial parameter by a quantity λ nl that is optimized variationally by minimizing a weighted sum of the LS term energies. The LS terms are represented by configuration-interaction (CI) wavefunctions. The CI expansion for the Br v system that we used includes the 3d 10 4s 2 4p, 3d 10 4s4p 2 , 3d 10 4s 2 5s, 3d 10 4s 2 5p, 3d 10 4s 2 5d, 3d 9 4s 2 4p 2 , 3d 9 4s 2 4p4d, and 3d 9 4s 2 4p5s configurations, while that for Te iii includes 4d 10 5s 2 5p 2 , 4d 10 5s5p 3 , 4d 10 5s 2 5p5d, and 4d 9 5s 2 5p 3 . The quality of our atomic structure representations was evaluated by comparing predicted term energies with the experimental values of Riyaz et al. (2014) and Joshi et al. (1992) for Br v and Te iii respectively. Our calculated energies are found to differ from experimental values by less than 5%. Additional small semi-empirical corrections to the orbitals were calculated through coupling of energy terms that minimized the relative energy differences. Finally, the level energies were shifted to the experimental values in order to compute monopole, dipole, and quadrupole transition probabilities.
The scattering calculations were done with the BP Rmatrix program (Berrington et al. 1987) , using the orbitals from our autostructure calculation, retaining CI from 39 LS terms and 88 fine structure levels for Br v and 39 LS terms and 75 levels for Te iii. The calculations explicitly include partial waves from states with L ≤ 9 and multiplicities 1, 3, and 5 for Br v and 2 and 4 for Te iii. Contributions from the higher partial waves were estimated using a top-up procedure.
Maxwellian-averaged collision strengths were computed for both ions for selected temperatures between 5000 K and 30,000 K. New atomic data files with the resulting values for Br v and Te iii were added to PyNeb. The A-values and Maxwellian-averaged collision strengths are presented in Table 2 .
ELEMENTAL ABUNDANCES AND ENRICHMENTS
We recalculated the physical conditions, and ionic and elemental abundances of O, S, and Ar that are used in our abundance analysis, using PyNeb and line fluxes from multi-wavelength studies of IC 418 (Bernard- Salas et al. 2001; Pottasch et al. 2004 ) and NGC 7027 (Zhang et al. 2005) . Multi-wavelength observations provide access to multiple ions per element, which minimizes systematic uncertainties due to the contributions of unobserved ions. We take the total elemental abundances of O in IC 418, and of Ar and S in both PNe, to be equal to the sum of all observed ionic abundances. For the high-excitation PN NGC 7027, we correct for the presence of unobserved O 4+ using the formula from Delgado-Inglada et al. (2014) . The atomic data used and the treatment of uncertainties are the same as García-Rojas et al. (2015) and MGR17. Column 5 of Table 3 gives the n-capture element abundances derived using our recalculated physical conditions and light element abundances, while Column 6 lists the values found using physical conditions and light ion abundances from the literature. The two sets of n-capture abundances agree to within 0.1 dex in all cases.
Elemental Abundances of Te and Br
Determination of elemental from ionic abundances requires correction for unobserved ionization stages. A widely used approach for such corrections is to construct formulae that define ionization correction factors (ICFs), where the ICF is the inverse of the fractional Sharpee et al. (2003) .
abundance of the element in the observed ion(s). ICF prescriptions are most reliable when based on photoionization models that account for the radiative and collisional processes that affect the ionization balance of each element (Delgado-Inglada et al. 2014, SPD15) , but such models require atomic data for photoionization and recombination processes. When these data are unknown, as is the case for Br and Te ions, approximate ICFs can be estimated using coincidences in IPs with ions of more abundant elements. However, these approximate ICFs are much more uncertain than those derived from photoionization models. To convert the measured ionic into elemental abundances for NGC 7027 and IC 418, we assumed that Te/Ar = Te 2+ /Ar + and Br/Ar = Br 4+ /Ar 3+ , based on similarities between the IP ranges of those ions. Adopting these procedures, we find Te abundances in both PNe that are higher than solar by a factor of ∼3.5, while Br is modestly if at all enhanced in NGC 7027.
Abundances of other n-capture Elements
Elemental abundances of other n-capture elements detected in the EMIR and IGRINS spectra of NGC 7027 and IC 418 are also given in Table 3 . For NGC 7027, we calculate the Kr total abundance using the ICF value of Sterling et al. (2017) which incorporates lines of four ions. For IC 418, we used Eq. 1 of SPD15, which uses the S 2+ /S ratio and is based on Kr 2+ only, but the higher ions should not be prevalent in this low-ionization PN. The Rb abundance in NGC 7027 was calculated assuming Rb/O = Rb 3+ /O 2+ as in Sterling et al. (2016) . For both PNe we computed the Se abundance using the ICF given by Eq. 8 of SPD15.
In Column 2 of Table 4 we list the averaged values from the EMIR and IGRINS data for the total abundances of the n-capture elements. Column 3 reports the enhancements of these abundances relative to the solar values of Asplund et al. (2009) . We adopt the meteoritic abundances for all but Kr, which is based on The Se abundance we find for IC 418, nearly a factor of 10 below solar, is not consistent with the paradigm of self-enrichment by the s-process. However, in this lowexcitation PN, most of the Se atoms will be in the form of Se 2+ , which we have not observed, making the correction to the Se 3+ abundance large and uncertain (Table 3). In addition, Sterling et al. (2017) suggested that the currently employed Se/Se 3+ ICF may break down in low-to moderate-excitation PNe, highlighting the importance of measuring the J-band [Se iii] 1.0994 µm line first reported by these authors.
Comparison to Theoretical Models of AGB Evolution
Enrichments of n-capture elements have been predicted by several groups that model AGB evolution and nucleosynthesis. The resulting abundance patterns are similar for progenitor masses M < 4-5 M ⊙ , while the absolute enrichments tend to vary between different sets of models and even for different treatments of the physics by the same group. We have compared our results with the final abundances calculated by Karakas & Lugaro (2016) and Cristallo et al. (2015) for solar metallicity (Z=0.014) AGB stars, since our recalculated O abundances are near the solar value (12 + log(O/H) = 8.69 for NGC 7027, 8.62 for IC 418). While the former models predict higher enrichments overall, in better agreement with our measurements, the relative enrichments of the observed elements are generally consistent with both sets of models for initial masses of 2 -4 M ⊙ . Our observations agree with the predictions that the enrichments of Kr and Rb are larger than those of Se and Br. The enrichment of Te changes little (≤ 0.2 dex) over this mass range, while the elements Se-Rb show greater variations. We do not find Te to be enriched more strongly than Kr as predicted by the models, but this may be due to uncertainties in our approximate Te ICF. The enrichments for NGC 7027 are consistent with a progenitor initial mass of around 3 ± 0.5 M ⊙ as estimated by Zhang et al. (2005) and other studies (see Sterling et al. 2016 , for references). The Kr enrichment of IC 418 suggests a lower mass for its progenitor star, which has been estimated as M = 1.75 M ⊙ (Morisset & Georgiev 2009) and as M = 1.4 ± 0.5 M ⊙ (Henry et al. 2018 ).
Abundances and Origins of Br and Te in Astronomical Sources
Br and Te are difficult to detect in stars, particularly in giants, since their strongest neutral transitions lie in the UV where red giants emit little flux.
Large enhancements of Br have been reported in HgMn stars (e.g., Cowley & Wahlgren 2006) and Herich DO white dwarfs ), but these are attributed to chemical stratification due to diffusion and radiative levitation that result in photospheric abundances unrepresentative of overall composition. Faint optical lines of Br 2+ have previously been reported in six PNe (Péquignot & Baluteau 1994, SH07, MGR17) . However, [Br iii] λ6130.37 can be blended with C iii λ6130.30 (García-Rojas et al. 2015) , and the unrealistically large Br abundances derived from [Br iii] λ6555.56 (SH07, MGR17) led MGR17 to suggest that this line may be contaminated by an unknown feature. While SH07 tentatively identified [Br iv] λ7368.00 and λ9450.50 in NGC 7027, they question these identifications owing to uncertainties in the continuum level and the possible presence of instrumental ghosts. Therefore, at present the NIR [Br v] line is the most reliable indicator of Br abundances in high-excitation nebulae.
Te has been detected in HgMn stars , DO white dwarfs (e.g., Rauch et al. 2017; Hoyer et al. 2018) , and metal-poor halo stars (e.g., Roederer et al. 2014) . The Te abundances in the halo stars are consistent with a scaled solar r -process distribution, indicating little or no s-process enrichment. While approximately 80% of the solar system Te abun-dance was formed in the r -process , 122 Te, 123 Te, and 124 Te are s-only isotopes that are produced in low-mass AGB stars (Takahashi et al. 2016) .
Thus PNe represent the only viable means of studying Te in one of its sites of origin, with one intriguing exception. Smartt et al. (2017) obtained optical and NIR data of the kilonova AT 2017gfo associated with the neutron star merger event GW170817, and tentatively identified lines of Te i in the early-time spectrum. Unfortunately, the Te abundance could not be determined, due to the lack of reliable oscillator strengths and the fact that Te ii is expected to be the dominant ion. Nevertheless, this possible detection and that of lanthanides in neutron star mergers provide motivation to study the production of n-capture elements in all their sites of origin, in order to better constrain models of galactic chemical evolution.
